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INTRODUCTION
Photovoltaics has the potential to be the prime candidates for future energy sources and make a large contribution to solving the problem of climate change.
Specially, inorganic-organic hybrid perovskite solar cells (PSCs) have provided a lasting impression on the scientific community because of their rapid progress as high efficient and low cost technology. Starting from the first well-known PSCs exploited the device structure of dye-sensitized solar cells (DSSCs) by replacing dye molecules with perovskite crystals in 2009, in only seven years power conversion efficiencies (PCEs) above 22% have already been reported and certified. [1] [2] [3] [4] The latest certified PCE value of 22.1 % is approaching to that of commercial monocrystalline silicon solar cells. 4 Even though such rapid and unprecedented progress for any photovoltaic (PV) material, for instance, silicon, GaAs, CIGS and CdTe, further improvements for
PSCs are expected and required in order to completely surpass the other PV technologies and fully realize their potential as solar cells.
In the past seven years, various perovskite absorber materials have been developed, forming a large family of crystalline materials. The most commonly used for PV devices have an ABX 3 chemical composition containing an organic cation A, such as methylammonium (MA) 2 or formamidinium (FA) 5 , a divalent metal B, such as Pb 2 or Sn, 6 and a halide X, such as Br or I. These perovskites are processed by a large number of techniques ranging from spin coating, 2 dip coating, 7 two-step interdiffusion, 8 chemical vapour deposition, 9 thermal evaporation, 10 solvent engineering, 11, 12 to intramolecular exchange processing. 13 Much of the work in the field of Inorganic-organic hybrid photovoltaics to date has been focused on developing new materials, technological process innovations and device structures to maximize the light absorption, charge separation and collection and voltage output.
While we have some basic understanding of the PSC devices as an optical system, there have been limited attempts to exploit the optical designs to manage the light in-coupling and propagation as means to enhance the overall device performance.
One possible method for optical management and achieving fundamental efficiency enhancements in PSC devices is to utilize localized surface plasmon resonance (LSPR) in metallic nanostructures. Surface plasmons (SPs) are electron oscillations excited by either photons or electrons at the metal-dielectric interfaces, associated with well-confined surface electromagnetic waves. 14, 15 With proper engineering of the metal structures, such confinement can lead to an enhanced electromagnetic field at the metal-dielectric interfaces, which could be utilized for improvement of PV device efficiencies, helping to approach or even surpass the Shockley−Queisser limit without any exotic operating principles. 15, 16 The use of metal NPs and arrangements of them have been explored for almost all types of solar cells, for example, dye-sensitized, 17, 18 organic, 19 silicon, 20, 21 and PSC solar cells. 22, 23 As reported by Lee et al., Au NPs were doped in the PEDOT:PSS layer of the P3HT:PCBM device to induce the plasmonic enhancement for the active layer. 19 The PCE for the device with a low concentration of Au NPs was improved from 3.04 % to 
EXPERIMENTAL
All materials were purchased from either Alfa Aesar or Sigma-Aldrich, unless otherwise stated. CH 3 NH 3 I (MAI) was synthesized according to a previous study [12] .
Au nanoparticles were prepared according to the method published previously with slight modification. 18 The used concentrations of the magnesium salt were 90 mM. The perovskite layer was grown by a spin-coating process using a γ-butyrolactone (GBL) and dimethylsulphoxide (DMSO) solution of PbI 2 and CH 3 NH 3 I. 11, 12 The perovskite precursor solution was prepared by mixing CH 3 The solar simulator was calibrated by using a standard Silicon cell (Newport, USA).
The light intensity was 100 mW cm -2 on the surface of the test cell. J-V curves were measured using a computer-controlled digital source meter (Keithley 2440) with the reverse direction. During device photovoltaic performance characterization, a metal aperture mask with an opening of about 0.09 cm 2 was used. External quantum efficiency (EQE) measurements ( 74125, Oriel，USA) were also carried out for these cells. of the prepared Au NPs in ethanol was shown in Fig. 1 (d) . From the figure, the SPR absorbance peak was at 526 nm. Fig. 1 and FF values. The PV variance and degradation may be due to two reasons. First, the Au NPs can be etched by the halide during the processing CH 3 NH 3 PbI 3 absorber and the gold diffusion and migration into the perovskite material possibly take place in the thermal annealing treatment of the perovskite precursor films, causing detrimental and irreversible changes to the absorber. [27] [28] [29] Au migration into the perovskite material was found for PSC devices with metal contacts under thermal stress even at 70 °C. 28 This metal migration was observed to cause irreversible changes to the devices and in turn severely affected the device performance metrics. Second, the bare Au nanoparticles can act as charge recombination or trapping sites for light generated charge carriers due to the lower conduction energy level of the Au NPs than that of the TiO 2 as shown in Fig. 1 (e). 30, 31 Comparing with the reference device (S1), device nanometer thick MgO interlayer acted as a "surface passivation layer" between the absorber and TiO 2 to obstruct the recombination between photo-induced electrons and holes across the interface. The improved photocurrent, photovoltage and fill factor for photovoltaic devices employing an ultrathin MgO layer has been well known in DSSCs. 32, 33 Recently, MgO was successfully used as a blocking layer between compact or mesoporous TiO 2 and perovskite layers to improve the cell performance. [34] [35] [36] [37] The increase of the open-circuit voltage of device S3 compared to device S1 can be mainly attributed to the much higher conduction band of MgO than that of TiO 2 , which would cause the conduction band of TiO 2 to shift towards MgO and result in a higher quasi-Fermi level under illumination and a higher Voc. 34, 38 Additionally, the ultrathin layer of MgO could act as a tunneling barrier that retards the back recombination from TiO 2 to the hole transport material (HTM) in PSCs, thus, high Jsc and FF were obtained. 34 Retarding of electron-hole recombination is also proved by electrochemical impedance spectroscopy (EIS confirming that electron extraction from perovskite to TiO 2 NPs with MgO modification was more significant higher than to the pristine TiO 2 . The perovskite sample with both Au NP and MgO modification showed the lowest peak intensity and the most intense degree of PL quenching, a strong indication for the rapidest charge transfer, the most effective electron extraction and the least charge accumulation, and thus prospectively the highest short-circuit current and the best PV performance. 42, 43 Therefore, the inclusion of Au NPs and MgO are unambiguously helpful for improvements in the ability for charge separation and collection, rapid charge transport, and enhanced photocurrent in the PSC device. Fig. 4 (a) . The structure of the PSC device could be considered as a leaking capacitor. 45 The semicircle visually represents the recombination resistance at the interface of TiO 2 /perovskite layer and TiO 2 /hole transport layer. The bigger the diameter of the semicircle is, the less electron recombination at the interface.
RESULTS AND DISCUSSION
Moreover, the specific EIS results of PSCs can be estimated according to a simple equivalent circuit model shown in Fig. 4 (b) , which has been widely applied for analyzing impedance spectroscopy of perovskite solar cells. 45 It is characterized by a recombination resistance, R rec , in parallel with a chemical capacitance, C rec, and a hole transport resistance, R HTL , in parallel with a chemical capacitance, C HTL . The results of the impedance data are shown in Table 2 . From Fig. 4(a) and Table 2 , the device (S2) with bare Au NPs has the smallest semicircle, the minimal R rec (83.9 Ω⋅cm 2 ), which indicates the lowest recombination resistance. The reference cell (S1) has the second lowest recombination resistance (116.0 Ω⋅cm 2 ). With pure MgO coated on the TiO 2 NP layer (S3), the diameter of the semicircle dramatically increases, which indicates overwhelmingly higher recombination resistance (375.0 Ω⋅cm 2 ) in the device with pure MgO modification than devices S1 and S2. The Rrec value (292.0
Ω⋅cm 2 ) of the PSC device containing both Au NPs and MgO is also much larger than the case of device S1 and S2, but a little smaller than that of device S3 with bare MgO.
Our EIS measurement results indicate that the recombination resistance was increased 2.5-3.2 times after Au@MgO or pure MgO modification, which led to a significantly decrease in current loss through recombination and increased the photocurrent and enhanced the FF for both device S3 and S4 as shown in Table 1 . Additionally, from Fig. 4 (a) and Table 2 , the four structured PSC devices exhibit different series resistance, R s , due to contact effects. Device S4 and S2 show the first and second lowest series resistance Rs, respectively, indicating that addition of Au NPs can increase conductivity and improve the charge transport properties. Accordingly, the J SC value of device S4 is higher than that of S3, and hence device S4 shows the highest efficiency. 
(a) (b)
EQE is more pertinent than photocurrent-voltage measurement for studying optical and electrical responses of PSCs. EQE can be a product of light-harvesting efficiency, electron injection efficiency from excited perovskite CH 3 NH 3 PbI 3 to TiO 2 nanoparticles, and electron collection efficiency at the cathode in a mesoscopic CH 3 NH 3 PbI 3 /TiO 2 heterojunction solar cell. The corresponding EQE spectra of the fabricated four types of PSC devices (S1-S4) are shown in Fig.5 (a) . EQE depends on the absorption of light, the electron injection efficiency and the collection of charges.
In order to emphasize the positive contribution of Au NPs and MgO to the photocurrent, the EQE data of Au /or MgO modified PSCs were normalized by dividing that of the reference device, as shown in Fig. 5 (b) . EQE of the PSC with pure MgO modification was significantly improved in the short wavelength region (320-600 nm) when compared with that of the pure TiO 2 based device. This result is corresponded well with the increase of the J SC data given in Table 1 . But the EQE enhancement of the pure MgO modified device basically decreased with the increase of the wavelength from 320 nm, and the EQE value at wavelength longer than about 750 nm was even lower than that of the reference cell. For an absorber semiconductor, the absorption coefficient, α, is related to the extinction coefficient, k, by α = 4πk/λ, where λ is the wavelength. The absorption depth, l, is given by l = λ/(p4πk), where p is the porosity, which is ~0.5 for the mesoporous CH 3 In our work, no significantly distinct difference was observed in absorption pattern of the fabricated four types of PSC devices, as shown in Fig. 2 (a) , nevertheless, the EQE enhancement was achieved over the whole range, including the UV-Vis (320 nm to 500 nm) and NIR wavelength range (500 to 800 nm) for the device doped with Au and MgO, rather than following in the spectral region of the Au nanoparticle localized surface plasmon resonances shown in Fig. 1 (d) . Therefore, the was used with Cartesian grids system (FDTD module). 21, 52, 53 The boundary conditions along x and y axis is set to be 'periodic'. Upon choosing periodic boundary setting and a suitably refined computational grid (the maximum grid length was chosen as wavelength / 300 in the paper) in the simulation software, the corresponding numerical solution gives an accurate representation of the dynamics of the electromagnetic field. The Au sphere@MgO is placed along the z coordinate as shown in Fig. 6 (a) . Table 1 and Figs. 5 (a) and (b). Furthermore, we think that the photon management by use of Au NPs and MgO shell to minimize photonic and energy losses in the PSC device also offers promising scenarios for employing photon recycling to improve photoconversion efficiencies of perovskite solar cells. 23, [57] [58] [59] In our plamonic PSC device, energy transport is not limited by diffusive carrier transport but can occur over long distances through multiple absorption-emission events.
Photons are reabsorbed and re-emitted many times before an electron-hole pair is MgO. 23, [57] [58] [59] Higher photon densities also lead to higher internal luminescence and a buildup of excited charges, which increase the split of quasi-Fermi levels and enhance the achievable open-circuit voltage in a solar cell. 57, 60 Finally, introducing Au NPs in TiO 2 photoanodes of PSCs can increase the charge transport capability as demonstrated in Fig. 4 (a) and The stability of perovskite solar cells is a major issue restricting the terrestrial applications. We investigated the stability of unsealed PSCs based on mesoporous TiO 2 with and without Au NPs and MgO modification under UV irradiation. The PSCs were exposed to 365 nm UV illumination with an intensity of 90 mWcm -2 , and removed at certain time intervals to measure the J-V curves under simulated AM1.5 100 mWcm -2 irradiance. In Fig. 7 we observe that device S3 and S4 exhibit significantly improved stability. Their PCE remains more than 85%-90% of its initial value even after 15 min UV irradiation in air. By contrast, device S2 with bare Au NPs cannot endure the UV irradiation test and shows nearly zero PCE just after 1 min
(h) (k)
UV irradiation, and the control device (S1) exhibits only 35% of its initial value after 9 min UV illumination under the same UV testing conditions. When TiO 2 based PSCs are exposed to UV light exposure, photo generated holes in the mesoporous TiO 2 react with oxygen absorbed at surface oxygen vacancies, which then become deep traps leading to charge recombination, resulting in a drop off in PV performance of the device. 61 
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